Identification of Viral Genes Required for Cell-to-Cell Movement of Southern Bean Mosaic Virus  by Sivakumaran, K. et al.
Identification of Viral Genes Required for Cell-to-Cell Movement
of Southern Bean Mosaic Virus
K. Sivakumaran,1 Benjamin C. Fowler, and David L. Hacker2
Department of Microbiology and Center for Legume Research, University of Tennessee, Knoxville, Tennessee 37996-0845
Received October 10, 1997; returned to author for revision November 3, 1997; accepted October 22, 1998
Inoculation of Vigna unguiculata (cowpea) with transcripts synthesized in vitro from a genome-length cDNA clone of the
cowpea strain of southern bean mosaic virus (SBMV-C) resulted in a systemic SBMV-C infection of this host. Capped RNA
was about five times more infectious than uncapped RNA as determined by a local lesion assay. The SBMV-C cDNA clone
was also used for mutagenesis of the four SBMV-C open reading frames (ORFs). ORF1, ORF3, and coat protein (CP) mutants
were not infectious in cowpea. Electroporation of cowpea protoplasts with mutant transcripts demonstrated that the ORF1,
ORF3, and CP gene products were not required for SBMV-C RNA synthesis, and the ORF1 and ORF3 gene products were not
required for SBMV-C assembly. From these results, it was concluded that the ORF1 and ORF3 proteins and the CP are
required for SBMV-C cell-to-cell movement. One of the ORF3 mutants pSBMV2-UAA1833 contained a nonsense codon
between the predicted 21 ribosomal frameshift site (SBMV-C nucleotides 1796–1802) and a potential ORF3 translation
initiation codon at SBMV-C nucleotide 1895. The lack of infectivity of this mutant suggested that ORF3 was expressed by a
21 ribosomal frameshift in ORF2 rather than by initiation of translation at nucleotide 1895. © 1998 Academic Press
INTRODUCTION
Plant viruses are known to encode one or more pro-
teins that facilitate cell-to-cell movement of the virus
through intercellular channels termed plasmodesmata
(Atabekov and Taliansky, 1990; Carrington et al., 1996;
Lucas and Gilbertson, 1994; Maule, 1991). In general, the
movement proteins (MP) of the positive-sense RNA vi-
ruses have been shown to function by one of two mech-
anisms. For one class of MPs, including those of tobacco
mosaic tobamovirus (TMV), red clover necrotic mosaic
dianthovirus (RCNMV), cucumber mosaic cucumovirus
(CMV), and bean common mosaic necrosis potyvirus
(BCMNV), the MPs have been shown to increase the size
exclusion limit of plasmodesmata and to traffic from cell
to cell through plasmodesmata (Ding et al., 1995; Fuji-
wara et al., 1993; Rojas et al., 1997; Vaquero et al., 1994;
Waigmann and Zambryski, 1995; Wolf et al., 1989). These
MPs may function in viral movement by forming a com-
plex with the viral genome and transporting it through
modified plasmodesmata (Citovsky et al., 1990; Ding et
al., 1995; Fugiwara et al., 1993; Rojas et al., 1997). Intra-
cellular transport of the MP–RNA complex to plasmo-
desmata may be facilitated by its interaction with the
cytoskeleton (Heinlein et al., 1995; McLean et al., 1995).
The second class of MP, exemplified by the 48-kDa
protein of cowpea mosaic comovirus (CPMV), forms in-
tercellular tubules with an approximate length of 50 mm
that may transport virus particles to neighboring cells
(van Lent et al., 1990, 1991; Wellink et al., 1993). Plas-
modesmata are not necessary for the formation of the
tubules because they also form when the CPMV MP is
expressed in insect cells and in plant protoplasts, but
plasmodesmata may be the site of tubule formation in
CPMV-infected plants (Kasteel et al., 1996). The MPs of
several other positive-sense RNA viruses, including
those of brome mosaic bromovirus (BMV), alfalfa mosaic
virus (AMV), and tomato ringspot nepovirus (ToRSV),
have been shown to form tubular structures (Kasteel et
al., 1997; Wieczorek and Sanfac¸on, 1993). MPs are usu-
ally nonstructural proteins, but viral structural proteins
may also be required for cell-to-cell movement as dem-
onstrated for the CPs of CPMV, BMV, CMV, and the
potyviruses (Canto et al., 1997; Dolja et al., 1994; Rao and
Grantham, 1995; Rojas et al., 1997; Wellink and van Ka-
mmen, 1989).
An MP has not yet been identified for cowpea strain of
southern bean mosaic virus (SBMV-C), the type member
of the Sobemoviruses, a genus of positive-sense RNA
viruses (Hull, 1988). SBMV-C is an isometric virus (28 nm
diameter) with a monopartite genome of 4194 nucleo-
tides (nt) (Wu et al., 1987). Four ORFs are encoded by the
viral genome (Fig. 1A). ORF1 and ORF2 are translated
from the genomic RNA to produce proteins of 21 kDa
(p21) and 105 kDa (p105), respectively (Mang et al., 1982;
Wu et al., 1987). The 39-terminal ORF is translated from a
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subgenomic RNA to produce the 31-kDa CP (Rutgers et
al., 1980). It is not known if ORF3 is expressed after the
initiation of translation at an AUG codon at SBMV-C nt
1895 to produce an 18-kDa protein or by a 21 ribosomal
frameshift in ORF2 to produce a 60-kDa protein that may
be proteolytically processed (Ma¨kinen et al., 1995a).
Little is known about the function of the SBMV-C proteins
in the viral infection cycle. Based on amino acid similarity to
other viral proteins of known function, p105 may be proteo-
lytically processed to yield a serine protease, the VPg co-
valently bound to the 59 ends of the SBMV-C genomic and
subgenomic RNAs, and an RNA-dependent RNA polymer-
ase (RdRp) (Gorbalenya et al., 1988; Wu et al., 1987). The
functions of the ORF1 and ORF3 proteins may not be as-
signed simply based on amino acid similarity to other viral
proteins. All the sobemoviruses characterized to date en-
code an ORF1 protein, but there is little amino acid se-
quence conservation among these proteins (Ma¨kinen et al.,
1995b; Ngon A Yassi et al., 1994; Othman and Hull, 1995).
ORF3 is observed in the genomes of at least two other
FIG. 1. (A) SBMV-C genome organization. A diagram of the SBMV-C genomic and subgenomic RNAs is shown. The ORFs are illustrated as boxes,
and the predicted size of the protein translated from each ORF is indicated within the box. The predicted site of 21 ribosomal frameshift is shown
as a gray box. VPg is shown as a filled circle at the 59 ends of the RNAs. The positions of restriction sites used for constructing pSBMV1-MluI IN,
pSBMV1-BglII IN, and pSBMV1-HindIII IN are indicated. (B) Diagrams of the genomes of the SBMV-C mutants used in this study. The names of the
mutants are given at the left of each diagram. The arrowheads mark the positions of the mutations. The black boxes indicate reading frame extensions
of 22 codons for the ORF1 gene of pSBMV1-MluI IN 22 and 13 codons for the ORF2 gene of pSBMV1-BglII.
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sobemoviruses, rice yellow mottle virus (RYMV) (Ngon A
Yassi et al., 1994) and lucerne transcient streak virus (LTSV)
(A. C. Jeffries, J. P. Rathjen, and R. H. Symons. (1995).
Lucerne transient streak virus complete genome. GenBank
Accession No. U31286), but not in one isolate of the bean
strain of SBMV (SBMV-B) (Othman and Hull, 1995). ORF3 is
present, however, in the genomes of two other isolates of
SBMV-B that have recently been sequenced (E. Anderson,
personal communication). A distinct ORF3 is absent from
the genome of cocksfoot mottle sobemovirus (CfMV), but
an ORF3-like domain is present within ORF2b, the gene that
also encodes the putative RdRp of this virus (Ma¨kinen et al.,
1995b; Ryabov et al., 1996). CfMV ORF2b is expressed by a
21 ribosomal frameshift in ORF2a to produce a 103-kDa
protein that may be may be proteolytically processed to a
serine protease, VPg, an ORF3-like protein, and an RdRp
(Ma¨kinen et al., 1995a, 1995b; Ryabov et al., 1996). The 21
ribosomal frameshift site in CfMV is conserved near the 59
end of ORF3 in the genomes of the other sobemoviruses
mentioned above and may function in ORF3 expression
(Ma¨kinen et al., 1995a).
Recently, a genome-length cDNA clone of RYMV was
constructed and used as a template for the in vitro synthe-
sis of infectious RYMV RNA (Brugidou et al., 1995). Two
RYMV CP mutants, each expressing a CP with a C-terminal
deletion, did not systemically infect rice and moved from
cell to cell inefficiently compared with the spread of wild-
type virus. These results demonstrated that the CP is re-
quired for systemic movement and for efficient cell-to-cell
movement of RYMV (Brugidou et al., 1995). It was also
demonstrated that the ORF1 protein is required for RYMV
infectivity in rice but is not required for RYMV RNA synthe-
sis, suggesting a role for the ORF1 protein in RYMV cell-to-
cell movement (Bonneau et al., 1998).
The purpose of the present study was to demonstrate
that RNA transcripts synthesized in vitro from a genome-
length SBMV-C cDNA clone were biologically active. In
addition, the cDNA clone was used to begin to investi-
gate the functions of the SBMV-C proteins in the viral
infection cycle. Partial characterization of the phenotypes
of ORF1, ORF3, and CP mutants in cowpeas and cowpea
protoplasts demonstrated that the protein products of
these genes were required for SBMV-C infectivity in
plants but not for SBMV-C RNA synthesis in protoplasts.
In addition, the ORF1 and ORF3 proteins were not re-
quired for SBMV-C assembly in protoplasts. These re-
sults suggest that the ORF1 and ORF3 proteins and the
CP function in SBMV-C cell-to-cell movement.
RESULTS
Biological activity of genome-length SBMV-C RNA
transcripts
A genome-length SBMV-C cDNA clone designated
pSBMV1 was constructed in pUC19 from four overlap-
ping SBMV-C PCR products as described previously (Si-
vakumaran and Hacker, 1998). The cloned SBMV-C
cDNA was flanked at its 59 end by the bacteriophage T7
RNA polymerase promoter and at its 39 end by a SmaI
restriction site. To facilitate transcription by the T7 RNA
polymerase, two nonviral G residues were included be-
tween the promoter and SBMV-C nt 1. After the plasmid
was constructed, it was demonstrated that the published
sequence for SBMV-C included a 59 terminal C residue
that was not present in the viral RNA (Hacker and Siva-
kumaran, 1997). Transcript RNA synthesized from SmaI-
digested pSBMV1 using T7 RNA polymerase therefore
contained three nonviral nucleotides (GGC) at its 59 end
and three (GGG) at its 39 end. The latter resulted from
transcription of 3 bp of the SmaI restriction site flanking
the SBMV-C cDNA. A SmaI restriction fragment contain-
ing the SBMV-C cDNA and the T7 RNA polymerase
promoter was subsequently cloned into the SmaI restric-
tion site of pUC129 (a gift of Dr. Noel Keen, University of
California-Riverside) to produce pSBMV2.
Both capped and uncapped transcripts synthesized in
vitro from pSBMV1 and pSBMV2 were infectious in cow-
pea plants. Mosaic symptoms were initially observed on
systemic leaves 10–14 days postinoculation (data not
shown). For plants inoculated with SBMV-C RNA, sys-
temic symptoms were observed 6–7 days postinocula-
tion. Both the inoculated and systemic leaves of plants
inoculated with pSBMV1 RNA yielded virus (Fig. 2).
Primer extension analysis of the 59 end of the genomic
RNA recovered from this virus demonstrated that the
three 59 nonviral nucleotides were not retained during
SBMV-C replication in cowpea (data not shown).
To compare the biological activity of genome-length
SBMV-C transcripts to that of viral RNA. SBMV-C RNA
and capped and uncapped transcripts synthesized from
pSBMV1 were individually inoculated onto a local lesion
host for SBMV-C, Vigna unguiculata cv. Georgia 21. As
FIG. 2. SDS–PAGE analysis of SBMV-C coat protein. Virus was
isolated from the inoculated (I) and systemic (S) leaves of cowpea
plants after inoculation with the RNA transcripts indicated. The virus
preparations were electrophoresed on a 12.5% denaturing polyacryl-
amide gel, and protein was detected by staining with Coomassie
brilliant blue. The position of CP is marked by an arrow. Purified
SBMV-C was used as a standard in the lane marked SBMV-C. An
extract from an uninfected cowpea plant was electrophoresed in the
lane marked Mock.
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shown in Table 1, native SBMV-C RNA was ;5 times
more infectious than capped pSBMV1 RNA and ;28
times more infectious than uncapped pSBMV1 RNA.
Description of SBMV-C mutants
The genome-length SBMV-C clones pSBMV1 and
pSBMV2 were used to construct a total of seven muta-
tions in the four SBMV-C ORFs (Fig. 1B). To produce
pSBMV1-MluI IN, an insertion was made of 4 bp at the
MluI site (SBMV-C nt 359) within ORF1. This mutant was
expected to express a truncated ORF1 protein of 127
amino acids (aa) that included 22 C-terminal aa encoded
by the 11 reading frame. The wild-type ORF1 protein is
184 aa in length and is encoded by the 21 reading frame
(Wu et al., 1987). pSBMV2-UAA55/UGA58 was generated
by the substitution of nonsense codons for the third and
fourth codons within ORF1. To produce the ORF3 mutant
pSBMV2-UGA1904/1913, two nonsense codons were
substituted for the third and sixth codons 39 to the in-
frame methionine codon at SBMV-C nt 1895. This mutant
was expected to express a truncated ORF3 protein if this
gene is translated either by a 21 ribosomal frameshift or
by translation initiation at the methionine codon at nt
1895. To construct pSBMV2-UAA1883, a glutamic acid
codon (GAA; SBMV-C nt 1883–1885) between the pre-
dicted site of the 21 ribosomal frameshift (nt 1796–1802)
and the in-frame methionine codon at SBMV-C nt 1895
was changed to a nonsense codon (UAA). This mutant
was expected to express a truncated ORF3 protein if this
gene is translated by a 21 ribosomal frameshift in ORF2
but not if it is translated by initiation at the methionine
codon at nt 1895. One CP mutant, pSBMV1-HindIII IN,
was constructed by the insertion of 4 bp at the HindIII
site (SBMV-C nt 3433). A truncated CP containing aa
1–55 was expected to be expressed from this mutant.
pSBMV2-U3272C was constructed by making a T-to-C
substitution at SBMV-C nt 3272 that changed the initia-
tion codon for the CP gene to an ACG codon. CP trans-
lation was expected to initiate at an AUG codon at nt
3403 because no other AUG codons are present in the
SBMV-C genome between those at nt 3271 and nt 3403
(Wu et al., 1987). Only aa 44–260 of the CP were expected
to be expressed from this mutant. None of the six muta-
tions affected the amino acid sequence of p105 ex-
pressed from ORF2. One ORF2 mutation was con-
structed to be used as a negative control for the analysis
of viral RNA synthesis in cowpea protoplasts. pSBMV1-
BglII IN was constructed by insertion of 4 bp at the BglII
site at nt 3164. The mutation was expected to prevent the
expression of the C-terminal 90 aa of p105.
Infections of cowpea plants with wild-type and mutant
SBMV-C transcripts
To test the SBMV-C mutant RNAs for infectivity, capped
transcripts synthesized in vitro from pSBMV1 and the
ORF1, ORF3, and CP mutant constructs described above
were individually inoculated onto the cotyledons of 8- to
10-day-old cowpea plants. The inoculated and systemic
leaves of the plants were harvested at 14 and 21 days
postinoculation, respectively, for the analysis of virus and
viral RNA accumulation. Virus was recovered from leaf
extracts by precipitation with polyethylene glycol and
analyzed by SDS–PAGE to detect the presence of the CP.
As shown in Fig. 2, virus was only detected in the inoc-
ulated and systemic leaves of plants inoculated with
pSBMV1 RNA.
To determine whether viral RNA accumulated in plants
inoculated with the mutant transcripts, total cytoplasmic
nucleic acid was extracted from the inoculated and sys-
temic leaves of the inoculated plants. For each sample,
65 mg of nucleic acid was blotted to a nylon membrane
using a slot-blot manifold and hybridized to a radiola-
beled SBMV-C probe. Consistent with the results de-
scribed above, viral RNA accumulation was detected
only in the inoculated and systemic leaves of plants
inoculated with pSBMV1 RNA (Fig. 3A). To quantify the
level of viral RNA detection in this assay, 10-fold dilutions
were made of the total cytoplasmic nucleic acid from the
systemic leaves of plants inoculated with pSBMV1 RNA.
The samples were blotted and hybridized as described
above. By comparing the results shown in Fig. 3B with
those in Fig. 3A, it was estimated that the level of viral
RNA accumulation in plants infected with pSBMV1 RNA
was $1000-fold greater in the inoculated leaves and
$10,000-fold greater in the systemic leaves than the
levels of RNA accumulation in the leaves of plants inoc-
ulated with any of the mutant RNAs. The results indicated
that the ORF1, ORF3, and CP gene products are required
for SBMV-C infectivity in its systemic host.
Electroporation of cowpea protoplasts with wild-type
and mutant SBMV-C transcripts
Transcripts synthesized from pSBMV1 and the ORF1,
ORF3, and CP mutants were electroporated individually
into cowpea protoplasts to determine whether these
gene products are required for SBMV-C RNA synthesis.
TABLE 1
Comparison of Infectivity of SBMV-C RNA and in Vitro
Transcripts of Cloned SBMV-C cDNA
RNA inoculum
No. of local
lesionsa
Total no. of
local lesionsExp. 1 Exp. 2
SBMV-C RNA 28, 18 48, 132 225
Capped pSBMV1 Transcript 11, 12 5, 15 43
Uncapped pSBMV1 Transcript 4, 3 0, 1 8
a In each experiment, two cotyledons of V. unguiculata cv. Georgia 21
were inoculated with a solution containing 25 ng/ml RNA.
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As a negative control, protoplasts were electroporated
with RNA synthesized from the ORF2 mutant pSBMV1-
BglII IN (Fig. 1B). Because it did not encode a truncated
ORF2 gene, this mutant was not expected to replicate.
Protoplasts were harvested at 16, 24, 40, and 48 h after
electroporation, and total cytoplasmic nucleic acid was
recovered. For each time point, 10 mg of nucleic acid was
blotted to a membrane using a slot-blot manifold and
analyzed for the presence of viral RNA by hybridization to
an alkaline phosphatase-labeled DNA probe specific to
the SBMV-C CP gene. Chemiluminescence was detected
by autoradiography and quantified by densitometry. For
each time point of an infection with a specific transcript,
the relative level of viral RNA accumulation was deter-
mined by comparison with the level of viral RNA accu-
mulation at the 16-h time point. Attempts were also made
to analyze the viral RNA by Northern blotting, but the
amount of genome-length SBMV-C RNA present in pro-
toplasts electroporated with 10 mg of SBMV-C RNA was
below the level of detection using either radiolabeled or
alkaline phosphatase-labeled DNA probes.
As shown in Fig. 4A, after electroporation with
pSBMV1 RNA, the relative level of viral RNA accumula-
tion decreased from 16 to 24 h and then increased from
24 to 48 h. In contrast, no increase in the relative level of
viral RNA accumulation was observed after electropora-
tion with pSBMV1-BglII IN RNA (Fig. 4A). For the two
ORF1 mutants, the relative level of viral RNA accumula-
tion increased from 24 to 48 h postelectroporation (Fig.
4A), and for the two ORF3 mutants, it increased from 16
to 40 h after electroporation and then declined (Fig. 4B).
Only slight increases in relative viral RNA accumulation
were observed after electroporation of protoplasts with
the two CP mutants (Fig. 4C). Throughout the time
course, however, the relative level of viral RNA accumu-
lation for the CP mutants remained higher than that of the
ORF2 mutant, indicating that the CP mutants replicated
in protoplasts. The results shown in Fig. 4 demonstrated
that the ORF1, ORF3, and CP gene products are not
required for SBMV-C RNA synthesis in cowpea proto-
plasts.
To determine whether the ORF1 and ORF3 proteins
are required for SBMV-C assembly, transcripts synthe-
sized from these mutants were electroporated individu-
ally into cowpea protoplasts. In addition, protoplasts
were electroporated with native SBMV-C RNA or with
transcripts synthesized from pSBMV1, pSBMV1-HindIII
IN, or pSBMV2-U3272C. At 40 h postelectroporation,
cells were disrupted by glass bead homogenization. Vi-
rus particles present in the lysates were trapped on
copper grids using antibody to the SBMV-C CP and
viewed by electron microscopy. The results from two
separate experiments are shown in Table 2. Spherical
particles measuring 27.7 6 2.6 nm in diameter were
observed in lysates from cells electroporated with
SBMV-C RNA or with transcript RNA from pSBMV1, the
FIG. 4. Analysis of SBMV-C RNA accumulation in cowpea protoplasts electroporated with SBMV-C wild-type and mutant transcripts. Cowpea
protoplasts were electroporated with 10 mg of transcript RNA as described under Materials and Methods. Total cytoplasmic nucleic acid was isolated
from the protoplasts at the times indicated. Then, 10 mg from each sample was blotted to a nylon membrane and hybridized to an alkaline
phosphatase-labeled PCR product amplified from the SBMV-C CP gene as described under Materials and Methods. Chemiluminescence was
detected by autoradiography, and the films were analyzed using a BioRad Imaging Densitometer. The background chemiluminescence from 10 mg
of total cytoplasmic nucleic acid from cells electroporated in the absence of viral RNA was subtracted from each sample. The results from two
independent experiments were combined. For each time course, the relative levels of viral RNA accumulation were calculated based on the amount
of chemiluminescence from the 16-h sample. The results for the ORF1 mutants (A), the ORF3 mutants (B), and the CP mutants (C) are compared in
each case with the results for the wild-type transcript (pSBMV1) and for the ORF2 mutant (pSBMV1-BglII IN).
FIG. 3. (A) Slot-blot analysis of total cytoplasmic nucleic acid from
cowpea plants inoculated with SBMV-C wild-type and mutant transcript
RNAs. Plants were inoculated with the RNA transcripts indicated in the
figure. Total cytoplasmic nucleic acid was isolated from the inoculated
(INOC) and systemic (SYS) leaves of inoculated plants, blotted to a
nylon membrane, and hybridized to 32P-labeled pSBMV1 as described
under Materials and Methods. Total cytoplasmic nucleic acid from an
uninfected cowpea plant was used as a control (Mock). (B) Dilution
series of total cytoplasmic nucleic acid from the systemic leaves of
cowpea plants inoculated with pSBMV1 RNA. Ten-fold dilutions of total
cytoplasmic nucleic acid were made and blotted to a membrane.
Hybridization to 32P-labeled pSBMV1 was performed as described
under Materials and Methods.
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two ORF1 mutants, or the two ORF3 mutants. No virus
particles were observed in lysates from cells electropo-
rated with transcripts from pSBMV1-HindIII IN or
pSBMV2-U3272C or from cells electroporated in the ab-
sence of viral RNA. These results demonstrated that the
ORF1 and ORF3 proteins are not required for SBMV-C
assembly. In addition, the results provided additional
evidence that these two proteins are not required for
SBMV-C RNA synthesis.
DISCUSSION
In this report, the infectivity of RNA transcripts synthe-
sized in vitro from a genome-length SBMV-C cDNA clone
was demonstrated. Native SBMV-C RNA was ;28-fold
more infectious than uncapped SBMV-C transcripts, but
the presence of an unmethylated 59 cap increased the
infectivity of transcript RNA ;5-fold. A 59 cap has also
been shown to enhance the infectivity of transcripts
synthesized from the genome-length cDNA clones of
several other plant RNA viruses, including TMV (Dawson
et al., 1986; Meshi et al., 1986), BMV (Ahlquist et al.,
1984), turnip crinkle carmovirus (Heaton et al., 1989),
tobacco vein mottling potyvirus (TVMV) (Domier et al.,
1989), and beet western yellows luteovirus (Veidt et al.,
1992). The observation that SBMV-C transcripts are in-
fectious demonstrated that the VPg is not required for
infectivity as reported previously (Veerisetty and Sehgal,
1980). Similar results have been observed for the infec-
tious transcripts of several other viruses whose genomic
RNA has a 59 VPg, including RYMV (Brugidou et al., 1995),
TVMV (Domier et al., 1989), CPMV (Vos et al., 1988),
and grapevine fanleaf nepovirus (Viry et al., 1993).
The SBMV-C cDNA clone was also used to begin to
define the functions of the ORF1, ORF3, and CP gene
products in the viral infection cycle. It was demonstrated
that the ORF1 and ORF3 proteins and the CP were
required for SBMV-C infection of cowpea. In the absence
of any one of the three proteins, no viral RNA or virus
accumulation was detected in the inoculated or systemic
leaves of transcript-inoculated plants. In cowpea proto-
plasts, however, these three proteins were not required
for viral RNA synthesis, and the ORF1 and ORF3 proteins
were not required for SBMV-C assembly. One interpreta-
tion of these results is that the ORF1 and ORF3 proteins
and the CP function in SBMV-C cell-to-cell movement.
These results confirmed in part an earlier study demon-
strating that the RYMV ORF1 protein is involved in cell-
to-cell movement of this sobemovirus (Bonneau et al.,
1998). It may be argued, however, that the mutations in
these three SBMV-C genes decreased viral RNA synthe-
FIG. 4—Continued
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sis or viral RNA accumulation to the extent that cell-to-
cell movement was abolished. This did not seem to be
the case for the ORF1 and ORF3 mutants because the
level of virus accumulation in protoplasts electroporated
with these transcripts was the same as (pSBMV1-MluI IN
RNA) or just 2-fold less than (pSBMV2-UAA55/UGA58
RNA, pSBMV2-UAA1883 RNA, and pSBMV2-UGA1904/
1913 RNA) that in protoplasts electroporated with
pSBMV1 RNA (Table 2). These slight differences in virus
accumulation in protoplasts seemingly cannot account
for the .1000-fold difference in viral RNA accumulation
in the inoculated leaves of plants inoculated with ORF1
or ORF3 mutants versus plants inoculated with wild-type
SBMV-C transcripts (Fig. 3). For the CP mutants, on the
other hand, only modest increases in the relative level of
viral RNA accumulation were observed over time after
electroporation of these RNAs into protoplasts. In the
absence of assembly, SBMV-C RNA may not be suffi-
ciently stable to support efficient cell-to-cell movement.
This possibility cannot be eliminated by the data pre-
sented here.
The requirement for CP in SBMV-C cell-to-cell move-
ment suggests that virus rather than unencapsidated
RNA may be transported from cell to cell, as is the case
for a few other plant RNA viruses, including CPMV and
BMV (Kasteel et al., 1997; Rao and Grantham, 1995; van
Lent et al., 1991; Wellink and van Kammen, 1989; Wellink
et al., 1993). Alternatively, the SBMV-C CP may have
distinct functions in assembly and cell-to-cell movement.
Recently, it was demonstrated that the CMV CP is re-
quired for the cell-to-cell movement of this virus but virus
assembly is not (Kaplan et al., 1998). The tobacco etch
potyvirus CP has also been shown to have separable
cell-to-cell movement and assembly functions (Dolja et
al., 1994). In contrast to the results with the SBMV-C CP
mutants, RYMV RNA was shown to move from cell to cell,
albeit inefficiently, in the absence of the RYMV CP
(Brugidou et al., 1995). The reason or reasons for this
difference are not known. It should be noted, however,
that in the inoculated leaves of rice plants mechanically
inoculated with RYMV, viral RNA and CP, but not virus,
were detected (Opalka et al., 1998). In contrast, progeny
virus was readily detectable in the inoculated leaves of
cowpea plants 3 days postinfection with SBMV-C (B. C.
Fowler and D. L. Hacker, unpublished data). These re-
sults suggest that there may be different requirements
for the cell-to-cell movement of these two sobemovi-
ruses. This is not without precedent, as it has been
observed that the BMV CP is required for cell-to-cell
movement but the CP of another bromovirus, cowpea
chlorotic mottle virus, is not (Rao, 1997; Rao and
Grantham, 1995).
Little is known about the sobemovirus ORF1 and ORF3
proteins. SBMV-C ORF1 encodes an acidic protein with a
calculated pI of 5.0, and ORF3 encodes a basic protein
with a calculated pI of 9.5. Computer analysis of the
amino acid sequences of the sobemovirus ORF1 and
ORF3 proteins using the Kyte–Doolittle algorithm did not
reveal any conserved hydrophobic regions in either of
these proteins that are indicative of transmembrane do-
mains (data not shown) (Kyte and Doolittle, 1982). It is not
known, however, whether the functional form of the ORF3
protein is a 60-kDa polyprotein, a proteolytic processing
intermediate, or an 18-kDa protein. Others have noted
that there is little amino acid conservation in the ORF1
proteins of the sobemoviruses whose genomes have
been characterized (Ma¨kinen et al., 1995b; Ngon A Yassi
et al., 1994; Othman and Hull, 1995). For example, the
ORF1 proteins of the C and B strains of SBMV are only
25.7% identical and 47.6% similar in amino acid se-
quence (Othman and Hull, 1995). In contrast, amino acid
similarity to the sobemovirus ORF3 proteins has been
observed in other viral proteins (Ryabov et al., 1996). The
amino acid sequence GWPERGSGAEIGSLLLQA ob-
served in the SBMV-C ORF3 protein (encoded by
SBMV-C nt 2009–2062) is conserved in the ORF3 pro-
teins of other sobemoviruses and in the ORF3 proteins of
the subgroup II luteoviruses and of pea enation mosaic
virus RNA1 (Ryabov et al., 1996). For the latter and for the
sobemovirus CfMV, the conserved domain is translated
as part of a polyprotein that also includes the viral RdRp
domain.
The results presented here are consisted with the
SBMV-C ORF3 protein being expressed by a 21 ribo-
somal frameshift in ORF2 as previously predicted (Ma¨ki-
nen et al., 1995a). The pSBMV2-UAA1883 mutant has an
in-frame stop codon between the predicted frameshift
site (nt 1796–1802) and a potential initiation codon in the
ORF3 reading frame (SBMV-C nt 1895). The inability of
TABLE 2
SBMV-C Accumulation in Cowpea Protoplasts
RNA inoculum
No. of virus
particles per grida Average no. of
virus particles
per gridExp. 1 Exp. 2
SBMV-C RNA 2567 2840 2704 6 193
No RNA 0 0 0
pSBMV1 transcript 2150 1850 2000 6 212
pSBMV1-MluI IN
transcript 2267 2100 2184 6 119
pSBMV2-UAA55/UGA58
transcript 733 1000 867 6 188
pSBMV2-UGA1904/1913
transcript 967 1150 1059 6 129
pSBMV2-UAA1883
transcript 850 867 859 6 13
pSBMV1-HindIII IN
transcript 0 0 0
pSBMV2-U3272C
transcript 0 0 0
a A total of eight squares were counted per grid.
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this mutant to infect cowpea suggests that the ORF3
protein was not expressed. This was expected if ORF3
was translated by a 21 ribosomal frameshift but not if it
was translated by initiation at nt 1895. It cannot be ruled
out, however, that the pSBMV2-UAA1883 mutation may
have affected initiation of translation at the ORF3 AUG
codon (nt 1895). Conservation of the frameshift site in
RYMV, SBMV-B, and LTSV and demonstration of a 21
ribosomal frameshift to express ORF2b of CfMV provide
additional indirect evidence that SBMV-C ORF3 is ex-
pressed by a 21 ribosomal frameshift in ORF2 (Ma¨kinen
et al., 1995a).
Although the proteins that function in sobemovirus
cell-to-cell transport are beginning to be defined, the
mechanism by which these viruses move from cell to cell
remains unknown. It is not yet possible to distinguish
between the two models of cell-to-cell movement de-
scribed under Introduction. Additional experiments will
be necessary to determine the biochemical functions
and subcellular locations of the ORF1 and ORF3 pro-
teins. For this reason, recombinant SBMV-C ORF1 and
ORF3 proteins have been purified and used to raise
antibodies (K. Sivakumaran, B. C. Fowler, and D. L.
Hacker, unpublished data). With these reagents, it may
be possible to gain a better understanding of SBMV-C
cell-to-cell movement.
MATERIALS AND METHODS
Construction of SBMV-C mutants
The construction of the genome-length SBMV-C cDNA
clones pSBMV1 and pSBMV2 has been described else-
where (Sivakumaran and Hacker, 1998). pSBMV1-BglII
IN, pSBMV1-MluI IN, and pSBMV1-HindIII IN were con-
structed by digestion of pSBMV1 with BglII (SBMV-C nt
3164), MluI (SBMV-C nt 359), and HindIII (SBMV-C nt
3433), respectively. The ends were made blunt with Kle-
now fragment and ligated with T4 DNA ligase (New
England Biolabs). Oligonucleotide-directed mutagenesis
to produce pSBMV2-UAA55/UGA58, pSBMV2-UGA1904/
1913, pSBMV2-UAA1883, and pSBMV2-U3272C was per-
formed as described by Kunkel (1985) using oligonucle-
otides SBMV50 (dGCTTAAAACCAATCATCAATAAATCAT-
GAAAC; complementary to SBMV-C nt 44–75), SBMV52
(dGCAAGTCGATGATCAACAATTTCAGAAGGGCATGCC;
complementary to SBMV-C nt 1892–1927), SBMV74 (dCAT-
GCCACCTGTTTAGTGGGTGGGTCCAC; complementary to
SBMV-C nt 1869–1897), and SBMV48 (dCAAGCGGGTAGC-
CGTTACAAATGCTC; complementary to SBMV-C nt 3260–
3285), respectively. In each case, the nucleotides altered by
mutagenesis are underlined. All mutations were confirmed
by DNA sequencing.
Inoculation of plants with SBMV-C transcript RNA
Uncapped genome-length SBMV-C transcripts were
synthesized from SmaI-linearized plasmid DNA (1–2 mg)
in 25- to 50-ml reactions using bacteriophage T7 RNA
polymerase from a Ribomax kit (Promega) according to
the manufacturer’s recommendations. For the synthesis
of capped RNAs, the rGTP concentration was reduced
from 7.5 to 0.6 mM, and diguanosine triphosphate
[G(59)ppp(59)G; Pharmacia] was added to a final concen-
tration of 3 mM. After a 2-h incubation at 37°C, plasmid
DNA was digested with 2 units of DNase I (Promega) at
37°C for 20 min. The RNA was centrifuged through a
Chromospin 10 column (Clontech) and quantified spec-
trophotometrically. RNA transcripts were also analyzed
qualitatively by agarose gel electrophoresis.
For the inoculation of V. unguiculata cv. California
blackeye, a systemic host for SBMV-C (Hull, 1988),
capped transcripts (20 mg) in 100 ml of 20 mM sodium
phosphate (pH 7.0) and 100 ml of inoculation buffer [10
mM sodium phosphate (pH 7.0), 1% (w/v) bentonite, and
1% (w/v) celite] were used to mechanically inoculate the
cotyledons of 8- to 10-day-old plants, which were then
maintained under greenhouse conditions up to 3 weeks
after inoculation. For the inoculation of V. unguiculata cv.
Georgia 21, a local lesion host for SBMV-C (Hull, 1988), 5
mg of capped or uncapped transcript RNA or 5 mg of
native SBMV-C RNA in 100 ml of 20 mM sodium phos-
phate (pH 7.0) was added to 100 ml of inoculation buffer
and used to mechanically inoculate the cotyledons of 8-
to 10-day-old plants. SBMV-C RNA was isolated as de-
scribed previously (Sivakumaran and Hacker, 1998). Lo-
cal lesions were counted after incubation of the plants
for 10 days in a growth chamber at 26°C and cycles of
16 h of light and 8 h of dark.
Electroporation of protoplasts
Protoplasts were prepared from the cotyledons of 8-to
10-day-old V. unguiculata cv. California blackeye as de-
scribed by Jones et al. (1990). A BioRad Gene Pulser was
used to electroporate 3 3 106 protoplasts in 0.6 M man-
nitol with 10 mg of capped transcript RNA with a pulse of
1550 V from a 25-mF capacitor. The protoplasts then
were incubated on ice for 15 min before centrifugation at
75g for 5 min in a clinical centrifuge. The pelleted pro-
toplasts were suspended in incubation buffer containing
0.6 M mannitol and 13 Aoki salts (Aoki and Takebe,
1969) and incubated at room temperature under fluores-
cent light for a maximum of 48 h.
Analysis of RNA from plants and protoplasts
Inoculated and systemic cowpea leaves were col-
lected at 14 and 21 days postinoculation, respectively.
Total cytoplasmic nucleic acid was extracted from 0.5 g
of tissue as described by Hillman et al. (1987) and quan-
tified spectrophotometrically. From each sample, 65 mg
of nucleic acid was blotted onto a nylon membrane using
a Schleicher & Schuell slot-blot manifold. Hybridization
was performed in 63 SSC and 13 Denhardt’s solution
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(Sambrook et al., 1989) at 65°C for 16 h using 32P-labeled
pSBMV1 DNA as a probe.
Total cytoplasmic nucleic acid was extracted from
protoplasts at 16, 24, 40, and 48 h after electroporation as
described by Jones et al. (1990). The cells were initially
centrifuged at 75g for 2 min and then washed with 1 ml
of 0.6 M mannitol. Cells were centrifuged as before and
suspended in extraction buffer containing 0.2 M NaCl, 20
mM Tris–HCl (pH 8.0), 2 mM EDTA, and 0.5% SDS. After
three extractions with phenol–chloroform–isoamyl alco-
hol (25:24:1) and precipitation with ethanol, the nucleic
acid preparations were treated with 2 units of DNase I
(Promega) for 20 min at 37°C. After precipitation with
ethanol, the nucleic acid preparations were resus-
pended in water and quantified spectrophotometrically.
Total nucleic acid (10 mg) was blotted onto a nylon
membrane using a slot-blot manifold. The blots were
hybridized with a DNA probe that was synthesized by
PCR amplification of the SBMV-C CP gene (SBMV-C nt
3240–4116). The PCR product was labeled with alkaline
phosphatase using an Alk Phos Direct kit supplied by
Amersham. For each slot blot, 100 ng of labeled probe
was added to 10 ml of hybridization buffer supplied by
the manufacturer (Amersham). Hybridization was per-
formed at 55°C for 18 h. The blots were then washed
twice for 10 min at 55°C in 2 M urea, 0.1% SDS, 50 mM
sodium phosphate (pH 7.0), 150 mM NaCl, and 10 mM
MgCl2 and twice for 5 min at room temperature in 50 mM
Tris–HCl (pH 10.0), 100 mM NaCl, and 2 mM MgCl2. The
blots were then developed for 5 min in CDP-Star detec-
tion reagent (Amersham) and exposed to x-ray film for 3
and 18 h. The films from the 18-h exposures were quan-
tified using a BioRad Model GS-670 Imaging Densitom-
eter and Molecular Analyst Version 2.1 software (BioRad).
Analysis of virus from plants and protoplasts
Inoculated and systemic cowpea leaves were col-
lected as described above. Virus was isolated from 0.5 g
of tissue by precipitation with polyethylene glycol (PEG)
as described by Lommel et al. (1982). After the second
PEG precipitation, virus was resuspended in 50 ml of 10
mM NaOAc (pH 5.5). To detect SBMV-C CP, virus prep-
arations were analyzed by 12.5% SDS–PAGE. CP was
detected by staining with Coomassie brilliant blue.
Protoplasts were collected 40 h after electroporation
by centrifugation at 75g for 3 min. After removal of the
supernatant, the cells were suspended in 250 ml of 20
mM NaOAc (pH 5.5) and disrupted with glass beads
using a Mini-Beadbeater (Biospec Products). Cell debris
was removed by centrifugation at 14,000 rpm for 30 min
in a microcentrifuge. Virus in the clarified lysates was
detected by immunosorbent electron microscopy as de-
scribed by Fuentes and Hamilton (1993) using an anti-
SBMV-C antiserum (American Type Culture Collection).
Virus immunosorbed to 400-mesh copper grids was vi-
sualized using a Hitachi 600 transmission electron mi-
croscope.
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